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A study has been made of crazing stress in oriented glassy polystyrene. The aim was to develop
a methodology for prediction of crazing stress in glassy polymers with frozen-in molecular orientation.
Oriented specimens of two grades of monodisperse polystyrene (PS) and one grade of polydisperse PS
were produced by uniaxial melt-drawing and subsequent quenching of compression-moulded bars.
Birefringence and crazing stress parallel to the draw direction (in the presence of diethylene glycol) were
measured on miniature beam specimens cut from them. The crazing stress increased substantially with
orientation, and the magnitude of the increase relaxed approximately on a timescale associated with the
longest Rouse time. Speciﬁcally, a linear correlation was found, to within experimental scatter, between
the increase in crazing stress and the orientation expressed in terms of frozen-in conformational stress,
as predicted by the theory of Maestrini and Kramer [13]. The inverse gradient (constant b in the theory)
was found to be 0.059  0.002, when inferring the conformational stress from the measured birefrin-
gence. Crazing was found to be suppressed in favour of yielding in the most highly oriented specimens,
and this could be explained in terms of the differing sensitivities of crazing and yield to molecular
orientation.
 2011 Elsevier Ltd. Open access under CC BY license .1. Introduction
It has long been recognised that molecular orientation can
dramatically alter a wide range of mechanical properties of glassy
polymers [1]. For example, parallel to the direction of orientation
there are experimentally recorded increases in elastic modulus and
yield stress [2e4], onset and modulus of strain-hardening [5e7],
fracture toughness [2,8e12], and craze initiation stress [13e16],
and similarly there are recorded decreases in a perpendicular
direction. Traditional polymer processing operations such as
extrusion and injection-moulding typically result in some degree of
frozen-in orientation. Indeed, there is a range of products, such as
ﬁbres, high performance ﬁlms and carbonated drinks bottles,
which would not have the necessary mechanical performance
without the effects of orientation.
A wide range of polymer products are mass-produced from
glassy polymers such as polystyrene, poly(methyl methacrylate)
and polycarbonate, for diverse applications including bathroomand
kitchenware, lighting, ofﬁce and IT equipment, and children’s toys.nt of Chemical and Environ-
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BY license .Molecular orientation is an almost inevitable consequence of the
ﬂow and temperature history of the forming process, for economic
rates of manufacture. In use, the polymer products are subjected to
stresses arising from service loads.When excessive stress is applied,
the products can fail, leading to unnecessarywaste and replacement
costs. The loading conditions that result in a particular mode of
failure depend on many aspects of the material and manufacture:
the polymer species and grade, the degree of molecular orientation,
the temperature and loading history, and the possible presence of
environmental agents, to mention a few. In order to achieve
a predictive capability for design engineers to use in optimising
polymer products, it is therefore of great practical interest to
develop an understanding of the relationships between polymer
grade, process-induced orientation, and the resulting mechanical
solid-state properties. In many transparent glassy polymer prod-
ucts, the onset of crazing effectively constitutes a failure, since it
impairs visual appearance and optical performance.
The present paper is aimed at the prediction of the stress
required to initiate visible crazes in an oriented glassy polymer. It is
a continuation of a recently published study of crazing in isotropic
polystyrene (PS) [17]. The background to this work is the knowl-
edge, available for several decades, that craze formation in oriented
polymers can differ signiﬁcantly from that in isotropic polymers
[16,18].
Table 1
Molar mass measurements obtained by triple detection SEC for the polystyrene
samples used in this study.
Code Mn
(kg mol1)
Mw
(kg mol1)
PDI
Monodisperse AF 251 262 1.05
AG 449 518 1.15
Polydisperse R 86 218 2.54
D.S.A. De Focatiis, C.P. Buckley / Polymer 52 (2011) 4045e40534046The most extensive studies of crazes in oriented PS were made
by Kramer and co-workers, who produced crazes by deforming thin
ﬁlms bonded to copper grids. They ﬁrst identiﬁed differences in the
volume fraction of crazes formed in oriented ﬁlms [15], and later
characterised the extension ratio within the craze through optical
microdensitometry [13]. Kramer’s model of ﬁbril growth [19],
proposed for crazing in isotropic polymers, states that the macro-
scopic craze stress sisoc is given by
sisoc ¼
8G
bD0
(1)
where G is the surface energy for craze formation, D0 is the ﬁbril
spacing, and b is a proportionality constant less than 1. Maestrini
and Kramer later extended this model to oriented polymers by
observing that neither G nor D0 change with orientation, but that
the presence of orientation leaves the polymer in a state of self-
stress, with a conformational so-called back stress sconf balanced
by an equal and opposite stress from bond-stretching [13]. They
proposed the form
sc  sisoc ¼
sconf
b
(2)
The focus of the experimental element of all of Kramer and co-
workers’ studies was PS. Orientation of the PS was always per-
formed as close to the glass transition temperature, Tg, as was
possible without incurring brittle failure, typically between 105 C
and 125 C.
The approach employed throughout this investigation was to
focus on well characterised model polymers of known molecular
architecture, and accordingly to adapt experimental techniques to
copewith the limited quantities of availablematerials. The ﬁrst step
was to develop a technique for measurement of craze stress in
unusually small specimens (a few mg in mass) [20]. Crazing was
studied in these small bulk specimens of PS, and a mild crazing
agent was used as a liquid environment, to ensure that many ﬁne
crazes were obtained under stress. Then a comprehensive study
was made of room-temperature crazing in many linear and
branched samples of isotropic atactic PS. This work resulted in
a predictive Eyring-type model for disentanglement crazing in
isotropic PS, that takes account of chain length, architecture, time
and temperature [17]. For 300 s creep crazing, above a critical molar
mass of ca 180 kg mol1, the craze stress was shown to become
independent of chain length, implying a switch of mechanism from
chain disentanglement to chain scission.
The work described here extends the investigation to the case of
chain scission crazing in oriented PS: speciﬁcally (because of
experimental constraints), the case of crazing under stress parallel
to the orientation direction. Again the objective is to achieve
a predictive model: in this case to predict variations in the glassy-
state crazing stress, from knowledge of the prior thermomechan-
ical history of the polymer in the melt-state. Although numerous
other factors such as stress raisers, environment and temperature
during crazing, and cooling rate through Tg, also inﬂuence the
crazing stress, in the present work all these other variables were
kept constant in order to isolate the effects of frozen-in molecular
orientation resulting from a wide range of deformations in the
molten state. The measurement of optical birefringence was also
used as a means of characterising the orientation in the specimens.
The strategy was to achieve the desired goal of predicting
crazing stress in oriented PS by measuring the crazing stress
following a variety of melt-stretch histories, and to test whether it
can be related to quantities that can be predicted using a constitu-
tive model. The authors have recently proposed a new hybrid glass-
melt constitutive model largely successful in the prediction of bothstress and birefringence in oriented polymer glasses [7,21].The
model consists of a parallel coupling of the ROuse model for LInear
Entangled POLYmers, known as the Rolie-Poly model [22], with the
glass part of the Oxford glass-rubber constitutive model [23].
In line with the objectives outlined above, the following account
ﬁrst discusses experiments to measure room temperature crazing
stress in specimens of PS containing frozen-in orientation, induced
according to a variety of protocols. This is followed by a discussion
of the molecular timescales over which the orientation measure
relevant to crazing relaxes. A correlation is then sought between
crazing stress and frozen-in conformational stress, to test the
theory of Maestrini and Kramer and ﬁnd the constant b. Two
methods are attempted for ﬁnding sconf. Firstly it is approximated
by the stress recorded experimentally at the end of the melt-
drawing procedure, immediately prior to quenching below Tg.
Secondly this is improved upon through the use of birefringence as
a measure of orientation and hence sconf. Finally, the limitations of
the theory are examined in the context of the interplay between
crazing and yielding.2. Experimental method
2.1. Materials
The materials used in this study were two samples of mono-
disperse linear atactic PS ðPDI ¼ Mw=Mn < 1:15Þ and one sample
of polydisperse linear atactic PS. The two monodisperse materials
AF and AG were provided by Dr Lian Hutchings of the University of
Durham, and were synthesised by living anionic polymerization.
The polydisperse material R was provided by the Dow Chemical
Company, and is a Dow GP680E base polymer with no additives.
Molar mass measurements were performed by size exclusion
chromatography (SEC) on a Viscotek TDA 302 machine with
refractive index, viscosity and light scattering detectors, and molar
mass distribution averages are given in Table 1. The codes used to
refer to the materials in this paper are consistent with previous
publications on these polymers [7,17,20,21].2.2. Compression moulding
Isotropic specimens of PS were formed by near net shape
compression moulding of small parallelepipedic bars. In each
moulding, the upper and lower mould surfaces were lined with
disposable sheets of 0.15mm thick soft temper 1200 aluminium foil
obtained from Multifoil Ltd. Care was taken to ensure alignment of
the rolling direction of the foil with the long axis of the bars. The foil
sheets and the mould cavity were lightly sprayed with a dry PTFE
mould release aerosol prior to each moulding operation. The
procedure was carefully designed to minimise material waste, and
to keep the stress applied to specimens during their removal from
the mould to a minimum. The aligned foil sheets were used to
provide a repeatable surface texture on the moulded specimens;
this is especially important in a study of crazing as surface texture is
known to affect craze initiation [24].
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moderate pressure for approximately 15 min, and then cooled to
room temperature at a rate of ca 15 Cmin1 by ﬂushing cold water
through cooling channels embedded in the press platens. The
mould was removed from the press when the temperature reached
w70 C. The temperature during a typical moulding cycle, moni-
tored with an embedded thermocouple can be found in our
previous report [20]. Typical prismatic bars produced with this
mould have dimensions of 80mm 6mm 0.5mm. All mouldings
were veriﬁed as being optically isotropic: no birefringence was
detectable.
2.3. Production of oriented specimens
To explore systematically the separate roles of three process
variables on craze initiation, three procedures were established, as
in Refs. [7,21]. These have been described in detail previously, and
only a brief account will be given here, highlighting the most
relevant features of the processes. The prismatic bars of PS were
melt-drawn in an Instron 4204 testing machine ﬁtted with an
environmental chamber at a range of temperatures T above Tg
(Tg z 105e107 C, as measured by DSC [7]). A constant crosshead
velocity corresponding to a nominal strain rate of 0.02 s1 was used
for all procedures. The bars were stretched uniaxially to a range of
draw ratios l between 2 and 8, and then quench cooled to below Tg,
using a cold spray applied at the end of the drawing process, giving
an initial cooling rate of approximately 15 C s1. In one procedure
a dwell time tdwell was allowed, for isothermal stress-relaxation to
occur at constant grip displacement at the end of drawing, just
prior to quenching. Strain was measured using an Instron non-
contact video extensometer; temperature was monitored
throughout the experiments using two thermocouples positioned
close to the bars; the tensile load was also recorded throughout the
orientation process.
The three procedures were designed to explore systematically
the separate roles of the three variables T, tdwell and l on craze
initiation. They are summarised below.
Procedure I: All materials were hot-drawn at a range of
temperatures T from 103 C to 150 C, to a ﬁxed draw ratio l ¼ 3,
and immediately quenched using the cold spray.
Procedure II: Material AF was hot-drawn at a temperature
T ¼ 120 C, to a ﬁxed draw ratio l ¼ 3 and a range of dwell times
tdwell from 1 s to 60,000 s were allowed prior to quenching, to allow
relaxation to take place at the draw temperature; Material R was
drawn under the same conditions but at a temperature T ¼ 105 C,
and a range of dwell times tdwell from 1 s to 100,000 s were allowed
prior to quenching.
Procedure III: Materials AG and R were drawn to a range of draw
ratios l from 2 to 8 at a temperature T ¼ 135 C and immediately
quenched.
2.4. Measurement of shrinkage
Rectangular sections were cut from the bars oriented according
to Procedure III. The length l of each section was measured along
the orientation direction. The sections were then placed in a pre-
heated air-circulating oven at 135 C for 2 h and allowed to
shrink freely. The length along the orientation direction after
shrinkage l0 was measured. The shrinkage stretch ls is deﬁned as
ls ¼ l/l0.
2.5. Preparation of miniature crazing specimens
Miniature beam specimens with approximate dimensions
7 mm  2 mm  0.3 mm were cut from the oriented bars usinga custom-made jig with parallel-sided single-bevelled blades. All
miniature beam specimens were produced with the beam axis
aligned with the orientation direction, since the oriented material
was too brittle for specimens to be cut in the transverse direction.
Specimens were soaked in analytical reagent grade diethylene
glycol (DEG) for a minimum of 1 day prior to testing, after which no
further solvent uptake could be measured. DEG is a mild crazing
agent for PS, and was used in order to ensure the growth of ﬁne,
stable crazes required in the miniature specimens [20].2.6. Measurement of birefringence
The optical birefringence Dn between the optic axes in the plane
of the oriented bars was determined using an Olympus BX51
transmission optical microscope ﬁtted with polarising optics and
a Berek rotary compensator. Measurements were made at room
temperature in white light. The birefringence was computed from
Dn¼ R/dwhere R is themeasured retardation and d is the specimen
thickness. Measurements were taken on all the dry miniature
specimens after specimen preparation, but prior to contact with the
solvent and subsequent creep crazing.2.7. Measurement of crazing stress
Crazing stress was measured in 3-point bending, using a mini-
ature custom-built ﬂexural creep rig, designed to accept miniature
beam specimens cut from the oriented bars. The technique for
measurement of visible craze initiation stress in the miniature
specimens, and its use and validation against results for larger
specimens, was described in detail in a previous publication [20]
and only a condensed account is given here. Each test consisted
of subjecting the beam specimen, simply supported horizontally at
its ends and still soaked in DEG, to a constant, vertical, central load
for a speciﬁed creep time. During this time the beam exhibited
creep in bending under the load, and, if the maximum stress was
sufﬁcient, crazes formed perpendicular to its axis. The crazes
initiated at the surface where the tensile stress was highest. After
unloading, the beamwas removed from the rig and the surface was
wiped clean of DEG before it was placed onto an angled support
under a low power optical microscope. Transmitted light inclined at
a small angle (e.g. 10) to the specimen surface normal was then
used to make the crazes visible. Within 1 h of crazing, ﬁve
measurements of the length of the crazed region were taken on
each specimen across the width of the beam. The measurements
were averaged to obtain the mean crazed length lc. A minimum of
four beam specimens were tested for each polymer under each
orientation condition, although further repetitions were performed
where sufﬁcientmaterial was available. In the present experiments,
all creep tests were carried out at room temperature (w20 C) and
creep times of 300 s were used throughout. The effect of varying
creep times was explored on isotropic specimens in a previous
publication [20].
The elementary theory of bending of slender beams was
employed to calculate sc, the axial tensile stress at the surface of the
beam at the extremities of the crazed region: i.e. at the points
where crazes were just initiated and became visible under the
conditions of the experiment [20]:
sc ¼ 3Pðls  lcÞ2bd2 (3)
where P is the applied load, ls is the support spacing, b the breadth
and d the depth of the beam. In the results that follow, the mean
values of the crazing stress sc are plotted, together with error bars
Fig. 2. Measurements of average crazing stress as a function of dwell time after melt-
drawing, for materials AF drawn at 120 C and material R drawn at 105 C. Drawing
was performed according to Procedure II (strain rate 0.02 s1, draw ratio l ¼ 3 followed
by stress-relaxation for varying dwell times tdwell at the test temperature prior to
quenching). Symbols at the right edge of the abscissa indicate the isotropic values of
crazing stress from De Focatiis and Buckley [20] and De Focatiis et al. [17].
D.S.A. De Focatiis, C.P. Buckley / Polymer 52 (2011) 4045e40534048representing the upper and lower 95% conﬁdence interval (1.96
standard errors), for each PS sample under each condition.
3. Experimental results
Fig. 1 shows crazing stress measurements as a function of
drawing temperature T for materials AF, AG and R melt-drawn
according to Procedure I. Crazing stress measurements of
isotropic (undrawn) specimens are taken from De Focatiis and
Buckley [20] and De Focatiis et al. [17]. In general it proved chal-
lenging to induce crazes in bars oriented at temperatures around
110 C, as large stresses, and hence large beam displacements were
necessary, and the bars tended to deform homogeneously under
load without crazing. In bars oriented at 105 C and below,
homogeneous plastic deformation always ensued, and crazing was
totally suppressed. The crazing stress can be seen to decay towards
that of the undrawn specimens, with increasing temperature.
Fig. 2 shows crazing stress measurements as a function of post-
stretching dwell time tdwell for material AF, drawn at 120 C, and for
material R, drawn at 105 C, according to Procedure II. Again, the
values indicated for isotropic specimens are those for undrawn
specimens of the same materials from De Focatiis and Buckley [20]
and De Focatiis et al. [17]. The monodisperse material AF was melt-
drawn at a higher temperature and crazing was induced for all
dwell times. The polydisperse material R was melt-drawn at
a lower temperature, and dwell times of less than 100 s resulted in
specimens that deformed plastically, with crazing suppressed. The
crazing stress in the oriented beams decay towards the isotropic
value with increasing dwell time.
Fig. 3(a) shows measurements of crazing stress as a function of
draw ratio, for materials AG and R drawn at 135 C and immediately
quenched, according to Procedure III. Values for undrawn speci-
mens (l ¼ 1) are those measured on the same materials by De
Focatiis and Buckley [20] and De Focatiis et al. [17]. In material AG
the crazing stress rises signiﬁcantly with stretch, and appears to
reach a plateau for a draw ratio of l ¼ 4. In material R only a smallFig. 1. Measurements of average crazing stress as a function of melt-drawing
temperature for materials AF, AG and R. Drawing was performed according to Proce-
dure I (with strain rate 0.02 s1, draw ratio l ¼ 3 and immediate quenching at the end
of the drawing). Symbols at the right edge of the abscissa indicate the values of crazing
stress for isotropic undrawn specimens from De Focatiis and Buckley [20] and De
Focatiis et al. [17]. Also shown are the temperatures at which the se and sR e based
Weissenberg numbers are equal to unity. WiAGR ¼ 1 occurs at 174 C (not shown).increase of crazing stress with stretch can be discerned, relative to
the isotropic undrawn specimens.
Fig. 3(b) shows the corresponding measurements of shrinkage
after 2 h at 135 C. The shrinkage stretch for material AG is close to
the draw ratio for all draw ratios, whereas for material R it appears
to reach a plateau of around ls ¼ 4.4. Discussion
4.1. Relaxation of molecular orientation
In the discussion that follows it will be helpful to consider the
melt-drawing conditions in terms of theWeissenberg numbers (Wi)
and Deborah numbers (De) associated with the various relaxation
times of the polymer. Subscripts d, R and e are used to denote
Weissenberg and Deborah numbers associated with the reptation
time sd (Wid, Ded), with the longest Rouse time sR (WiR, DeR), and
with the Rouse time of one entanglement length se (Wie, Dee).
Superscripts are used to denote the grade of polymer AF, AG and R.
For example, WiAFd ¼ sAFd _3 is the Weissenberg number associated
with the reptation time sAFd of polymer AF subjected to a true strain
rate _3. In the calculation of Weissenberg numbers used here, the
initial true strain rate (i.e. the nominal strain rate) was used. Simi-
larly, DeAGR ¼ sAGR =tdwell is the Deborah number associated with the
longest Rouse time sAGR of polymer AG subjected to stress-relaxation
for a time tdwell. A Weissenberg number much greater than unity
indicates that relaxation does not occur during stretching, on the
length scale associated with the corresponding relaxation time.
Similarly, a Deborah numbermuch greater than unity indicates that
the relaxation time is much longer than the stress-relaxation dwell
time, and hence that relaxation does not occur on the length scale
associated with the corresponding relaxation time. Calculation of
the relaxation times at the required temperatures has been per-
formed using the reference values obtained from rheological
modelling and subsequent timeetemperature shifting, as presented
by De Focatiis et al. [7]. For the polydisperse material R, Rouse and
Fig. 4. Measurements of average crazing stress as a function of shrinkage stretch ls for
materials AG and R melt-drawn according to Procedure III. Measurements of crazing
stress for isotropic undrawn specimens of the same materials (ls ¼ 1) are from De
Focatiis and Buckley [20] and De Focatiis et al. [17].
Fig. 3. (a) e Measurements of average crazing stress as a function of draw ratio for
materials AG and R melt-drawn at 135 C and immediately frozen. Drawing was per-
formed according to Procedure III (at a strain rate of 0.02 s1, at a range of draw ratios
l ¼ 2e8 followed by immediate quenching). Values of crazing stress for isotropic
undrawn specimens (l ¼ 1) are from De Focatiis and Buckley [20] and De Focatiis et al.
[17]. (b) e Measurements of shrinkage stretch ls as a function of draw ratio for the
same materials and drawing conditions. A line of unit gradient indicates ls ¼ l, i.e. full
recovery.
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disperse polymer with M ¼ Mw.
The temperatures at which the Weissenberg numbers are equal
to unity for Procedure I are marked on Fig. 1. The ﬁrst observation
that can be made is that, for a given melt deformation, the crazing
stress becomes larger with increasing Wi, or increasing amount of
frozen-in orientation, irrespective of the grade of polymer used. For
low draw temperatures, as relaxation of orientation on sub-
entanglement length scales is increasingly suppressed (Wie > 1),
the crazing stress rises steeply, and eventually crazing is itself
suppressed. For high draw temperatures, crazing stress decreases
with increase in temperature and eventually approaches the
isotropic value in the region ofWiRw 1, for all three polymers. This
indicates that the aspect of molecular orientation dominant in
affecting craze initiation is molecular stretch within the tube,
which relaxes on the timescale of the longest Rouse time.
The times at which the Deborah numbers are equal to unity for
Procedure II are marked on Fig. 2. In this procedure, the mono-
disperse material AF was melt-drawn at a rate where Wie < 1, and
crazing was possible for all dwell times. In the polydisperse
material R, the melt-drawing was performed at Wie > 1, and dwell
times of less than 100s resulted in specimens that deformedplastically, with crazing suppressed. This represents the range of
dwell times for which Dee > 1. This is in agreement with the
observations made on Procedure I, whereby crazing appears to be
suppressed if melt-drawing is performed at Wie > 1 and not fol-
lowed by any signiﬁcant stress-relaxation. Wie is independent of
chain length, and hence of grade of PS, since it depends only on the
entanglement length of the polymer species.
In Fig. 2, relative to crazing in isotropic beams, the crazing stress
in the oriented beams appears to decay to the isotropic value as the
Rouse time based Deborah number DeR approaches unity, for
polymers R and AF. This is also in agreement with the observation
made above on Procedure I, that the increase in crazing stress with
orientation is governed primarily by molecular stretch, that relaxes
on the timescale of the longest Rouse time.
Fig. 3(a) has shownmeasurements of crazing stress as a function
of draw ratio, for materials AG and R drawn at 135 C and imme-
diately quenched, according to Procedure III. For bothmaterials, the
stretching occurred at a rate where Wie < 1 < WiR, although
WiAGR > Wi
R
R. This explains why for material AG the crazing stress
increases signiﬁcantly to a plateau at a draw ratio of l¼ 4, while for
material R, the increase of crazing stress with stretch is much less.
Fig. 4 illustrates the measurements of crazing stress as a func-
tion of shrinkage stretch. Thermal shrinkage of an oriented polymer
is dictated by the competition between long-lived stretched chain
modes that drive the shrinkage (associated with the entanglement
network), and the background viscosity of short-lived modes that
act to limit it. Hine et al. reported that typical annealing times for
loss of shrinkage are between the Rouse time and the reptation
time [6]. The relaxation of shrinkage thus takes place on a timescale
that is between the longest Rouse time and the reptation time. In
the present results, there appears to be no unique correlation
between crazing stress and shrinkage stretch.4.2. Application of Maestrini and Kramer’s model to the
experimental data
The present results indicate clearly that molecular stretch is an
important aspect of molecular orientation in determining the craze
initiation stress. But the practical need is for a speciﬁc measure of
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from the polymer rheology. The theory of Maestrini and Kramer
[13], discussed above, offers such a measure in the form of the
conformational stress sconf. The present data set allow us ﬁrstly to
test the validity of the theory experimentally, and secondly to
evaluate the constant b for PS. This requires ﬁnding the axial
component of the conformational stress sconf in each of the
oriented specimens. Two approaches were attempted.
The most direct approach is to identify sconf for each crazing
specimen with the stress recorded experimentally during melt-
drawing of the prismatic bar from which it was cut, just prior to
quenching, squench. The justiﬁcation is that, if drawing is performed
sufﬁciently far above Tg, then local bond-stretching modes are fully
relaxed, and the only stress present in the melt is the conforma-
tional stress arising from the entropy elastic stretching of the
entanglement network. Thus Fig. 5 shows the increase in craze
stress plotted versus squench.
In interpreting Fig. 5, however, it must be recognised that, as the
drawing temperature approaches Tg from above, then squench will
increasingly contain a glassy contribution in addition to the
conformational stress sconf. An estimate of the maximum possible
conformational stress for a given draw ratio can be obtained
through the use of the entanglement modulus Ge. This was deter-
mined using the microscopic linear melt rheology theory of
Likhtman and McLeish [25], by treating it as a variable in ﬁtting the
theory to linear viscoelastic rheological data measured on the same
monodisperse polymers used in this study [7]. The value obtained
was Ge ¼ 317.9 kPa. Thus, by considering the case where no relax-
ation of the entanglement network occurs, the well known statis-
tical theory of rubber elasticity can be employed to give an
approximation to sconf at a given stretch ratio l for uniaxial defor-
mation as
sconf ¼ Ge

l2  1=l

(4)
wherewe neglect ﬁnite extensibility of the network. In procedures I
and II, the stretch ratio was limited to l ¼ 3, and as such the
maximum achievable conformational stress is 2.76 MPa. This valueFig. 5. Measurements of the increase in crazing stress relative to that of isotropic
specimens, plotted versus the stress recorded experimentally just prior to quenching,
squench, from all three melt-drawing procedures. Also shown is the linear regression
(solid line) performed on all individual measurements for which squench did not exceed
2.76 MPa.is marked on Fig. 5, and experimental measurements in which
squench is greater than this will contain a glassy contribution to the
stress. Although the stretch ratios attained in Procedure III are as
large as 8, the drawing temperatures are higher, leading to more
substantial relaxation during the melt-drawing, and the experi-
mentally measured stresses prior to quenching do not exceed
1.64 MPa, even at the largest stretch ratio.
The data can be seen to be highly scattered. Linear regression
was performed on the individual crazing measurements for all
procedures for which the stress prior to quenching did not exceed
2.76 MPa, giving a gradient of 13.92  0.61 (where the  refers to
the standard error on the estimate), with a coefﬁcient of determi-
nation of R2 ¼ 0.73. This is shown in Fig. 5, and equates to a b value
of 0.072  0.003.
It is, of course, possible that not all of the stress prior to
quenching can be attributed to conformational deformation of the
entanglement network, even if the magnitude of squench is less than
2.76 MPa. This could go some way to account for experimental
measurements that lie to the right of the regression line beyond the
experimental scatter. There are, however, a number of experi-
mental data points that lie to the left of the regression line beyond
scatter. We suggest that these could arise from small inhomoge-
neities present in the prismatic bars prior to melt-drawing. These
are accentuated during the melt-drawing, as a result of PS’s
propensity to inhomogeneous deformation, giving rise to a degree
of frozen-in orientation in the miniature crazing specimens that is
different from that characterised by the mean conformational
stress in the bar: the measured squench.4.3. Correlation between oriented crazing stress and birefringence
A second means of identifying sconf is via the optical birefrin-
gence [21]. Thus Fig. 6 illustrates the average increase in crazing
stress for each test condition relative to the mean for isotropic
specimens, plotted versus the average birefringence measured on
the actual miniature beam crazing specimens. The birefringence
appears to correlate well with the crazing stress increase, in
support of the theory of Maestrini and Kramer [13]. Clearly, thisFig. 6. Measurements of the increase in crazing stress relative to that of isotropic
specimens, plotted versus the birefringence, Dn, measured directly on the crazing
test specimens, for all three melt-drawing procedures. Also shown is the linear
regression (solid line) performed on all individual measurements for which Dn did
not exceed 0.0072 MPa.
Fig. 7. Yield stress plotted versus birefringence for a 350 kg mol1, PDI ¼ 1.6 PS, data
replotted from De Francesco and Duckett [3] (hexagons); the dashed line is a guide to
the eye. Also included are crazing stress measurements (hollow symbols Proc. I, right-
ﬁlled symbols Proc. II, top-ﬁlled symbols proc. III) and the regression line (solid line)
from Fig. 6, a single average dry isotropic crazing stress measurement from De Focatiis
and Buckley [20] (star), and a forecast for dry crazing stress with orientation (dot-dash
line).
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goes some way towards accounting for the outliers observed in
Fig. 5. This is experimental evidence for inhomogeneous melt-
drawing occurring locally in some of the oriented bars, and hence
for there being a degree of orientation in some miniature beam
specimens that differs from the means of the parent melt-drawn
bars from which they are cut.
There are now fewer experimental measurements that deviate
from the overall trend. We attribute these to inhomogeneous
deformation on a scale smaller than the miniature beams
themselves.
Optical birefringence is proportional to the conformational
principal stress difference Dsconf, provided the molecular stretch is
not too large [21]. The relationship depends only on the constant of
proportionality known as the conformational stress-optical coefﬁ-
cient Cc
Dn ¼ CcDsconf : (5)
Deviation from linearity of the stress-optical rule occurs because
of the different dependences of stress and birefringence on chain
stretch, which leads to non-Gaussian effects, where the birefrin-
gence saturates as the stress tends to inﬁnity. Thus, for small
birefringence only,
sc  sisoc ¼
Dn
Ccb
: (6)
Luap and co-workers investigated the linearity of the stress-
optical rule for polystyrene using both experimental evidence
and theory [26]. They determined the limit of linearity to be
between 0.8 and 2.4 MPa, depending on both polydispersity and
Deborah number. We select an intermediate value of 1.6 MPa, in
order to maintain a sufﬁcient number of data points, and to
restrict deviation from the linear stress-optical rule to
a minimum. This conformational stress corresponds to a bire-
fringence of 0.0072, using a conformational stress-optical
coefﬁcient of Cc ¼ 4:5 109 Pa1 [26]. Based on the consti-
tutive model of De Focatiis and Buckley that accounts for ﬁnite
extensibility effects, the expected deviation from linearity in
birefringence at a conformational stress of 1.6 MPa is 1.8% [21].
Linear regression was performed on the subset of the experi-
mental data shown in Fig. 6 for which the magnitude of bire-
fringence does not exceed 0.0072. This regression is indicated in
Fig. 6, and a gradient of 3780  140 MPa was obtained (where the
 refers to the standard error on the estimate), with a correlation
coefﬁcient of R2 ¼ 0.82. This represents an improved correlation
coefﬁcient compared to that of the regression of craze stress
versus squench. The corresponding value of Maestrini-Kramer
parameter b is 0.059  0.002.
A constitutive model such as the one previously proposed and
validated by the authors, is appropriate for the prediction of both
the conformational stress and the birefringence even beyond the
linear region [21]. Both quantities are computed from this
constitutive model using the contributions to the orientation
tensor of a ﬁnite set of viscoelastic modes that describe the
entanglement network. The deformation and stretch of each
mode evolves according to the rheological Rolie-Poly equation
[22]. The model was demonstrated to be accurate in predicting
the birefringence for a wide range of melt-drawing conditions in
monodisperse PS [21]. The value of b identiﬁed in this work will
enable predictions of crazing stress from the conformational
stress. At present, the constitutive model is less accurate in
predictions of properties of polydisperse melts, and lacks the
ability to correctly represent stretching of sub-entanglement
modes.4.4. Competition between yielding and crazing
It was not possible to craze specimens melt-drawn under some
conditions using procedures I and II, identiﬁed in Figs. 1 and 2 as
those regions where either Wie[1 (procedure I) or both Wie[1
and Dee[1 (procedure II). Visual inspection of the specimens
subjected to the creep experiment revealed that all of the speci-
mens that did not craze exhibited instead considerable permanent
plastic deformation, i.e. they yielded. The role of the entanglement
network in determining whether a given polymer crazes or yields
was investigated by Donald and Kramer [27]. They pointed out that
a number of additional factors also contribute to this competition,
including the rate, and the mobility (which in turn depends on the
glass structure and on the possible presence of a solvent).
De Francesco and Duckett investigated the effect of melt
orientation on yielding in a range of polydisperse PS samples [3].
They introduced orientation by melt-drawing specimens at a range
of temperatures between 105 and 130 C and subsequent
quenching. The birefringences of their samples were then
measured at room temperature, and the specimens were extended
uniaxially at room temperature at a strain rate of 104 s1. Although
many of their specimens failed before yield, they did manage to
obtain a limited number of measurements of yield stress using the
method of tangents. They concluded that, although yield stress
increased with birefringence in all their samples, the rise was not
uniquely deﬁned by birefringence. The tensile yield stress
measurements from the PS material with molar mass distribution
closest to the materials used in this study (350 kg mol1, PDI ¼ 1.6)
are shown in Fig. 7.
In a previous publication, the present authors performed
dynamic mechanical analysis on two isotropic specimens of poly-
mer R, one of which had been saturated in DEG prior to testing, and
the other left dry [20]. No measurable difference in the peak in the
loss tangent could be found. This implies that the effect of the DEG
on crazing arises not from a depression of the Tg of the polymer, but
rather from a lowering of the surface tension [17]. Consequently, it
is reasonable to expect yield stress measurements such as those of
Fig. 8. Melt-drawn tapes of polymer R of similar dimensions, further deformed at
room temperature by winding around a metal rod. (a) was melt-drawn at T ¼ 135 C to
l ¼ 4 at _3 ¼ 0:02 s1 and immediately frozen, with a measured birefringence
of Dn ¼ 0.0012; (b) was melt-drawn at T ¼ 105 C to l ¼ 4 and quenched immedi-
ately, with a measured birefringence of Dn ¼ 0.035. The helical tapes are both
permanently plastically deformed. They were lit from above, and surface reﬂection is
visible from both coils. However, only coil (a) shows evidence of crazing, illustrated by
internal reﬂection by the craze surfaces. In coil (b) yielding occurs at a stress lower
than that required for crazing.
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DEG.
Fig. 7 also includes the crazing stress measurements from Fig. 6,
for PS samples saturated in DEG and oriented according to Proce-
dures I, II and III, and the regression line: the isotropic crazing stress
was taken to be 15.9 MPa, the mean of the measurements of De
Focatiis and Buckley [20] and De Focatiis et al. [17] for the same
series of materials.
Although both yielding and crazing stresses increase with
increasing orientation, they do so at different rates. The increase in
crazing stress is associated with the conformational stress arising
from a deformed entanglement network, whereas the increase in
yield stress is primarily associated with orientation on shorter
length scales [7]. Hence, a specimen will either yield and deform
homogeneously (if necking does not intervene), or craze, depend-
ing on whether, for the particular orientation state, the yield stress
or the craze stress is reached ﬁrst. From Fig. 7, in PS saturated in
DEG, this transition can be identiﬁed at the intersection of the
crazing stress and yield stress lines, and occurs at Dnz 0.01, and
at a stress ofw50 MPa. The experimental evidence obtained in this
work generally supports this, although scatter in the data is
considerable.
4.5. Competition between yielding and dry stress crazing
In a previous publication the present authors compared the
crazing stress of isotropic specimens of polymer R saturated in DEG
to that of isotropic specimens left dry. The 300s creep crazing stress
of the saturated samples was measured as 16.8  0.7 MPa and that
of the dry samples as 32.8 2.6 MPa. The average dry crazing stress
measurement fromDe Focatiis and Buckley [20] is also illustrated in
Fig. 7.
Whereas yielding is expected to remain invariant in the pres-
ence of DEG, it is clear that crazing is highly sensitive to the same
solvent, with a recorded decrease in crazing stress of 16 MPa in
isotropic specimens resulting from the presence of the solvent [20].
The theory of Maestrini and Kramer predicts that it is only the
increase in crazing stress relative to that of isotropic specimens that
depends on orientation, and that it is the isotropic value that
depends on the surface tension, and hence, the presence of DEG.
Therefore, the regression line based on equation (6) for crazing in
DEG needs only to be corrected for the change in the isotropic craze
stress to be applied to dry PS. Thus, the forecast for dry crazing in
the presence of orientation is shown in Fig. 7 as a dot-dash line. The
transition from dry crazing to yielding is expected to take place at
a birefringence of Dnz 0.0025, and a stress ofw40 MPa.
Although no data set for dry crazing in oriented PS is available,
a practical demonstration of this effect can be seen in Fig. 8, where
hot-drawn tapes of polymer R of similar dimensions were further
deformed dry at room temperature by winding around a metal rod.
Both tapes exhibit considerable permanent bending deformation
(either due to yielding or to crazing), and retain a helical shape
when unloaded. Evidence of crazing is best seenwhen a light beam
is used to illuminate the helical tapes, and viewed from a direction
perpendicular to both the helix axis and the light source. In an
uncrazed helix, only reﬂections from the surfaces appear as white
areas; in a crazed helix, additional reﬂections appearing from the
internal crazed surfaces can be discerned. Fig. 8(a) shows the helical
tape melt-oriented at T ¼ 135 C to l ¼ 4 at _3 ¼ 0:02 s1 and
immediately frozen, with a measured birefringence of Dn ¼
0.0012; Fig. 8(b) shows the tapemelt-oriented at T¼ 105 C to l¼ 4
at _3 ¼ 0:02 s1 and immediately frozen, with a measured bire-
fringence of Dn ¼ 0.035. Although both tapes are permanently
plastically deformed, only the ﬁrst tape shows evidence of exten-
sive crazing, since its birefringence is below the value ofbirefringence identiﬁed at the dry crazing-yielding transition. This
is an effect superﬁcially similar to the temporary suppression of
crazing and necking seen by Govaert et al. [28] in plastically
deformed polystyrene. In the present case, however, the suppres-
sion is not temporary and reliant on the ageing state, but perma-
nent, and depends only on the degree of frozen-in orientation and
the interplay between crazing and yielding.5. Conclusions
This work has investigated the changes in crazing stress that
arise from process-induced molecular orientation in a range of
monodisperse and polydisperse PS samples. Melt-drawing was
performed according to various procedures designed to explore the
roles of temperature, stress-relaxation time, and stretch, on the
degree of frozen-in molecular orientation in prismatic PS bars. A
protocol was devised for measuring the crazing stress parallel to
the direction of orientation. Miniature rectangular beam specimens
were cut from the bars with their axes aligned parallel to the
direction of orientation, and crazing stress was measured by sub-
jecting the beams, saturated in DEG, to 300 s creep loading under
a transverse central load. The crazing stress was found to rise with
increasing orientation from w16 MPa by as much as 45 MPa. The
increase in crazing stress relaxed back to almost the value for
isotropic specimens on a timescale associated with the longest
Rouse time of the polymer. This indicates that it is primarily
molecular stretch that causes the increase in crazing stress. In melt-
drawing performed under conditions of Wie[1, crazing was
generally suppressed in favour of yielding.
The present data have been employed to test Maestrini and
Kramer’s theory of crazing in oriented polymers, and to ﬁnd the
constant b that relates the increase in crazing stress to the
conformational stress in the theory. Treating the stress measured
experimentally after drawing of the bars, at the moment of
quenching, as a proxy for the conformational stress was unsuc-
cessful. It showed apparent conﬂict with the theory, since it did not
correlate well with the craze stress. This can be explained in terms
of several factors, that cause the measured stress in a drawn bar to
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crazing specimen cut from the bar.
In an alternative approach, the conformational stress local to
each individual crazing specimen was calculated from the bire-
fringence of that specimen, using a linear stress-optical rule. This
measure of conformational stress was found to be more reliable. A
single linear correlation was found between it and the craze stress,
to within experimental scatter, for all three grades of PS and all three
orientation procedures. Thus the results provided powerful support
for the Maestrini and Kramer theory. The best-ﬁt value of b over all
the data where a linear stress-optical rule applied was found to be
0.059  0.002. This result has considerable practical signiﬁcance.
Taken together with the constitutive model already proposed [21],
that permits computation of the conformational stress, it provides
a route for predicting the crazing stress in a linear PS of any given
chain length, subject to any given process history.
Crazing was suppressed if the stress required for craze forma-
tion was larger than that required to cause yielding. In PS saturated
in DEG, this transition was observed to occur at Dnz 0.01, and at
a stress of w50 MPa. In dry PS, it is expected to occur at
a substantially lower birefringence ofDnz 0.0025, and a stress of
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